SUMMARY The jejunal mucosa of eight coeliac children on a gluten-free diet and two non-coeliac children was studied by light and electron microscopy two to 98 hours after a single challenge dose of gluten.
1
jejunal mucosa in coeliac patients has been reported to contain more IgM-and fewer IgA-producing immunocytes (Douglas, Crabbe, and Hobbs, 1970) than in control subjects. Immunofluorescence studies with the use of specific antibodies to gluten have shown positive staining of mucosal immunocytes (Rubin, Fauci, Sleisenger, and Jeffries, 1965) . All these investigations suggest that there may be an immunological reaction to gluten but do not indicate in what way the antigenic properties of the protein affect the pathogenesis of coeliac disease. Shmerling and Shiner (1970) have reported an ultrastructural investigation of two coeliac children treated with a gluten-free diet for a number of years. Serial jejunal biopsies following a challenging dose of gluten revealed early morphological changes, principally in the subepithelial connective tissue layers. These involved the basement membrane or basement lamina of the epithelial and endothelial cells, the endothelium of small blood vessels, the connective tissue fibrils, and the infiltrating inflammatory cells. In this paper the preliminary investigations were extended to eight coeliac and two non-coeliac patients. The findings, based on ultrastructural changes two to 98 hours following gluten, suggest that in coeliac disease changes occur which are compatible with an immunopathological reaction.
Material and Methods
The eight coeliac patients comprised six females and two males, their ages ranging from 12 months to 8 years 10 months (Table I) . In every child the diagnosis was established on clinical, biochemical, and histological criteria and each had been treated with a gluten-free diet for periods varying between six months and five and a half years. Only three patients (1, 2, and 3) had kept the diet strictly though all eight were clinically well and did not suffer from diarrhoea.
Of the two non-coeliac patients, one (patient 9) has been reported in detail in a comparative study with a coeliac patient (Shiner and Shmerling, 1972) . The other (patient 10) was a boy who came under investigation for diarrhoea at the age of 18 months. No definite diagnosis was made at that time but malabsorption was ruled out by faecal fat estimations and glucose and xylose absorption studies. A jejunal biopsy was unsuccessful. Nevertheless he was started on a gluten-free diet and since he showed some signs of improvement he continued with this diet for the next three years. On his present re-admission and investigation at the age of 41 years, his dietary treatment was re-assessed. Again, no evidence of malabsorption was found and the gluten-free diet was discontinued. The patient has remained in good health and on an ordinary diet for the past 12 months.
Jejunal biopsies with a Crosby capsule were performed in all patients after a fast of 12 to 18 hours. All were subjected to an initial jejunal biopsy. This was followed by oral or intraduodenal administration of a single dose of 7 to 20 g gluten prepared as a suspension in 100 ml of water and boiled for 20 minutes. From one to three repeat biopsies taken two to 98 hours after gluten administration were performed in each patient. All initial and repeat biopsies were examined with a stereo, light, and Margot Shiner electron microscope. The methods of fixing, embedding, and sectioning of the biopsy material for electron microscopy have been described elsewhere (Shiner, 1967) . Double fixation with 3% glutaraldehyde-cacodylate and 1 % osmium tetroxide was used followed by dehydration in graded alcohol and embedding in epon (epoxy resin 812). Serial thick and thin sections were cut on an ultramicrotome; the former were stained with 1 % toluidine blue and examined with the light microscope for orientation and morphological identification of the area to be studied in the thin sections with the electron microscope.
Results

LIGHT MICROSCOPY
On stereomicroscopic examination of the initial biopsies of the eight coeliac patients only three (patients 1, 2, and 3) showed normal finger-shaped villi (Table II) . Two patients (4 and 5) had fingers as well as broad, tongue-shaped villi or early convolutions and three (patients 6, 7, and 8) had tongues and early convolutions.
Histological examination of these initial biopsies confirmed the stereomicroscopic appearances, showing a normal mucosa in the first three patients, a mild partial villous atrophy in the next two, and a more severe partial villous atrophy in the last three patients. Inflammatory cells, mainly lymphocytes and plasma cells, appeared to be increased in numbers in the patients with partial villous atrophy.
The stereomicroscopic and histological appearances of the initial biopsies on the two non-coeliac patients were within normal limits.
The initial biopsies were compared with each patient's own repeat biopsy or biopsies obtained after gluten loading. No in the other four irregularity of the microvilli was the only abnormality noted. Repeat biopsies after gluten challenge showed cellular changes in only two of the eight coeliacs (patients 5 and 6). These occurred at a later stage, 48 and 96 hours respectively, and appeared mainly as increased intracellular vacuolation associated with some signs of cytoxicity, such as more widespread damage of mitochondria and microvilli and excessive extrusion of the absorbing cells (Fig. 2) . The absorbing cells of the two non-coeliac patients appeared normal before gluten challenge. Twentyfour hours after gluten large intracellular vacuoles were seen in patient no. 9 delimited by smooth membranes and containing electron-dense fibrillar material (Fig. 3) . Since similar membrane-enclosed material was seen in other fasted patients within minutes after gluten ingestion (personal observations) it was deduced that the vacuoles contained some of the ingested, though altered, gluten retained for an abnormally long period in patient no. 9. The absorbing cells of patient no. 10 also contained similar though smaller vacuoles 28 hours after gluten ingestion but these appeared more like Margot Shiner residual bodies. In neither patient were there any signs of increased cell destruction or damage.
The subepithelial connective tissue Several of the subepithelial connective tissue structures in intimate contact with either absorbing cells or crypt cells were studied in detail (Table III) . These included the basement membranes (basement laminae) of the epithelial and endothelial cells, the endothelium, the fibrous elements, and the infiltrating cells. In the normal mucosa inflammatory cells include plasma cells, lymphocytes and occasional eosinophils and macrophages.
In the initial or pregluten biopsies of six of the eight coeliac patients the endothelium of small blood vessels appeared normal (Fig. 4) but in two, patients 5 and 7, endothelial swelling and an excess of plasma cells were found. In addition many lymphocytes were seen in the lateral spaces between adjacent absorbing cells. Although there was considerable variation in the response of individual mucosae to a challenging dose of gluten, the ultrastructural changes in the connective tissue elements appeared to follow a Inadequately treated patients (nos. 4-8) Connective tissue changes were not seen as early as two hours after gluten (patient no. 6). Striking changes were, however, observed in this layer at 17 hours after challenge (patient no. 8). There was considerable swelling (cross-sectional increase) of the endothelial cells of the small blood vessels and this often appeared to cause narrowing of the vessel lumen. The endothelial cells (Fig. 5) showed numerous cytoplasmic projections on the luminal side and increased intracytoplasmic vacuoles and pinocytotic vesicles. The appearances therefore suggested hypertrophy as well as swelling. The basement lamina appeared denser and wider than normal and the connective tissue fibrils were moderately in- (Fig. 6 ) which showed dilated cisternae lined by rough endoplasmic reticulum. In many instances the plasma cells appeared to be lysed since their limiting membrane could not be clearly seen. Since lysis was repeatedly observed in other biopsies after gluten challenge it was deduced that it was probably not an artefact but was the result of enhanced activity of the plasma cells and increased early cell destruction. Numerous lymphocytes and lymphoblasts (see Fig. 7 ) were also seen, with fewer eosinophils and mast cells. In addition, a few polymorphs (Fig. 8) were observed close to the blood vessels and also in the intercellular spaces of the absorbing epithelium. They were not seen in any of the other patients' biopsies and indeed have seldom been observed in any jejunal mucosal biopsy material studied to date.
Biopsies were obtained from two other inadequately treated coeliacs (patients 4 and 7) 21 to 24 hours after gluten. Endothelial swelling with apparent reduction of luminal patency (Fig. 9) and increased width and density of the endothelial basement membrane was again observed. A mild increase in density and width of the connective tissue spaces and a filling in of these spaces with fibrils was noted. These were either slender, electron-dense, tightly packed structures or were seen as coarser fibres which for technical reasons were usually but not always electron negative. These fibres when electron dense could be identified as collagen and at high magnification displayed their typical regular cross periodicity (as in Fig. 10 ). Numerous lymphocytes, plasma cells, and fewer eosinophils and mast cells were also present, particularly around the small blood vessels.
In another two patients (5 and 6) postgluten biopsies were obtained at 48 hours. The endothelium, though still abnormal and containing numerous pinocytotic vesicles, appeared less swollen and showed fewer cytoplasmic luminal projections than were seen in the other patients 17 to 24 hours after gluten. The connective tissue fibrils appeared to be increased. The predominant mononuclear cell type was the lymphocyte but in patient no. 6 plasma cells were also seen in large numbers. An interesting observation in patient no. 5 was the almost complete disappearance of fairly active plasma cells seen predominantly in the pregluten biopsy and their replacement with lymphocytes 48 hours after gluten.
Another repeat biopsy 96 hours after gluten challenge in patient no. 6 showed widening of the connective tissue spaces densely filled with collagen fibres (Fig. 10 ) and numerous active plasma cells. As already noted, widespread epithelial cell damage, specifically affecting the absorbingcells, was observed.
Well treated patients (nos. 1-3) Of the three well treated coeliacs two, patients 1 and 2, had postgluten biopsies after two hours. No pathological changes were noted in the subepithelial layers. Patient no. 3 had a repeat biopsy five hours after gluten. Marked widening of the subepithelial connective tissue spaces with separation of the connective tissue fibrils was observed. The homogeneous background of these spaces suggested oedema. There was separation of the lateral cell membranes of the villous absorbing cells, particularly in the lower half, so that intercellular spaces were created (Fig. 11) . These spaces were infiltrated by eosinophils and lymphocytes. The endothelium of small blood vessels remained normal and fibrous tissue increase was not prominent. Further repeat biopsies, however, showed a progressive change in the subepithelial layer of all three patients. More marked deposition of fibrils and the appearance of collagen fibres were seen in the biopsies of patients Figure 6 . A possible second polymorph is seen in the lower part of the micrograph. These cells are identified by their multilobular nuclei, the characteristic arrangement of the chromatin material close to the nuclear membrane and the presence of heterogeneous granules in the cytoplasm (arrow). A plasma cell (P) is seen in the lower left corner. x approximately 10 000 1 and 2, progressively increasing from 50 to 98 hours. Early endothelial swelling was noted at 24 hours but this was mild compared to that at 50 to 98 hours. These latter changes were similar to those seen in the inadequately treated patients. A progressive increase in lymphocytes and plasma cells was seen in the postgluten biopsies of all these patients but in patient no. 1 lymphocytes predominated at 50 hours and plasma cells at 98 hours. Eosinophils were seen in all postgluten biopsies but were most numerous at five hours.
No abnormalities were seen in the subepithelial connective tissue, the endothelium of small blood vessels, or the type or extent of inflammatory cells in the two non-coeliac children 24 and 28 hours after oral gluten.
Discussion
As reported in our previous communication, the dissecting and light microscopic appearances of the jejunal mucosa do not provide detailed information on the effect of gluten on the mucosa. By comparison the sequence of fine structural changes observed at the electron microscope level has provided information which bears on an immunopathological interpretation of coeliac disease.
The morphological changes in the villous epithelium and the subepithelial layers occurring in response to gluten challenge probably depend on the effectiveness of prior gluten elimination from the diet as part of the treatment. Thus the mucosa of well treated coeliac patients may respond differently to a challenging dose of gluten than that of inadequately treated patients. The duration of treatment is probably also an important factor.
In the three well treated patients the ultrastructure of the absorbing cells was not altered up to 96 hours after gluten challenge but in two of the five inadequately treated patients these cells showed excessive extrusion and other signs of cell destruction, such as increased intracytoplasmic vacuolation, as early as Fig. 9 A small blood vessel lying in the subepithelial connective tissue ofa biopsy from patient no. 4, 21 hours after gluten challenge. Note the concentric swelling of the endothelium (E) which appears to obliterate the vascular lumen (lu). The nucleus (N) ofone of the endothelial cells is visible. The periendothelial basement membrane (BM) is denser and wider than normal. Some of the connective tissue fibres surrounding the blood vessel are electron negative (C) and may be collagen fibres. x approximately 15 000 48 hours after gluten. However, in these two patients the epithelium was abnormal before gluten challenge, and inflammatory cells, particularly plasma cells, were prominent. Although the present study did not extend beyond 98 hours, it is known from light microscopic investigations (Jos, Rey, and Frezal, 1969 ) that absorbing cell changes are evident five days after gluten challenge even in well treated patients and are marked by the seventh day. This suggests that in most coeliac patients villous epithelial damage occurs at a late stage and is probably preceded by pathological changes in the supporting structures below the epithelium.
In contrast there were absorbing cell changes in the two non-coeliac patients as early as 24 and 28 hours after gluten challenge and these were pronounced in one. The appearances did not suggest cellular damage but rather the engulfment of ingested material in vacuoles limited by smooth membranes. Such vacuoles were not seen in coeliac patients in whom biopsies were performed at similar times after gluten. The significance of this finding is not clear but one of the factors may be the young age of the patient. Other possibilities would include a mechanism, within the absorbing cells of patients not suffering from coeliac disease, for isolating and digesting macromolecular material within the mucosa. This is known in very young animals (Clark, 1959; Rubin, 1966) .
In both groups of coeliac patients, connective tissue fibrils were not prominent until 24 hours after gluten intake, but became progressively more marked from 48 to 98 hours. It is of interest that fibrous tissue changes were not seen in the initial biopsies of even the partially treated patients. The widening of the connective tissue spaces, together with the appearance of fine and coarse fibrils, suggests oedema and could be regarded as part of the inflammatory response. Definite changes were also seen in the basement membranes of the epithelium (Fig. 10) and endothelium (Figs. 5 and 9) which appeared wider and denser than normal. All these fibrillar changes could be the result of immunopathological processes. Fig. 10 The subepithelial connective tissue spaces from a biopsy ofpatient no. 6, 96 hours after gluten challenge. Note the dense basement membrane (BM) ofan epithelial cell (Ep) at the top of the micrograph. The spaces are filled with coarse electron-negative fibres (C) presumed to be collagen. x approximately 22 500
Inset shows collagen fibres (arrow) from same biopsy fixed in osmium tetroxide only. These fibres show the characteristic cross-striations of collagen. x approximately 120 000 Some of the most notable changes occurred in the endothelium of small blood vessels in close proximity to the absorbing cells. Marked swelling and hypertrophy of the endothelial cells was seen 17-24 hours after gluten challenge but also at later stages, and appeared to narrow the lumen of blood vessels. The appearances were similar to those reported in and around the glomerular endothelium of the kidney in poststreptococcal glomerulonephritis where they are ascribed to deposition of immune complexes (Michael, Drummond, Good, and Vernier, 1966; Dixon, 1968) . Endothelial proliferation with narrowing of the lumen of vessels has been reported in untreated adult idiopathic steatorrhoea (Shiner, 1970) and could be the end result of progressive vascular damage caused by immunological reactions in and around the blood vessel.
The small bowel is regarded as a lymphoid organ in itself with partly autonomous function (Tomasi, 1968; Watson, 1969) . However any mucosal immunological reaction which follows antigenic stimulation could invoke a local as well as a systemic response. The local responses may be seen in the activity of lymphoblasts, lymphocytes, and plasma cells. The infiltration of the mucosa with polymorphs, eosinophils, and mast cells may be regarded as part of a systemic involvement, and, together with the connective tissue fibrillar changes and the endothelial swelling, suggests an immunological reaction compatible with the Arthus type. (Since the completion of this paper polymorph infiltration has been observed in three out of four patients 11-17 hours after gluten challenge.)
Deposits of immune complexes around the blood vessels have not been identified in this study but tissue immunofluorescence studies designed to demonstrate complexes (Shiner and Ballard, 1972) have shown linear staining in the region of the basement membranes of epithelial cells and blood vessels.
It is noteworthy that in the two non-coeliac patients the subepithelial connective tissue fibrils, the endothelium of small blood vessels, and the type and numbers of infiltrating cells were not affected by the gluten challenge. In these patients there was no morphological change suggesting an immunological response to gluten.
The results of this study therefore show a clear morphological difference in the response to a gluten challenge between coeliac and non-coeliac patients. Furthermore it underlines the importance of subepithelial rather than epithelial morphological reactions in the early stages after challenge. 
